In order to understand how fungal pathogens can survive inside the host, we must analyze how they evade the fungicidal mechanisms mounted by the host's immune system, such as generation of toxic reactive oxygen species. Studies have shown that infections caused by Sporothrix brasiliensis can be more aggressive than those due to Sporothrix schenckii. Therefore, we propose to analyze and compare the ability of these two pathogenic species to counteract oxidative stress, which, as noted, can be relevant in the host response to infection. We have shown that S. brasiliensis is more resistant to different oxidants, such as H 2 O 2 and menadione, when compared with S. schenckii. Furthermore, our results suggest that the molecular mechanisms by which Sporothrix spp. AP-1 like transcription factors are regulated probably differs from the one seen in other fungal pathogens. Interestingly, comparison between sequences of SbHog1 and SsHog1 stress activated protein kinases suggest that S. brasiliensis Hog1 display mutations that could account for the differences seen in stress sensitivities of these two species. In summary, this is the first study to our knowledge to investigate oxidative stress responses of Sporothrix spp. and provided a model that can be employed in vivo to address how these fungal pathogens can surmount the oxidative stress generated by the host.
Introduction
Sporotrichosis is the most frequent subcutaneous mycosis in Latin America [1] [2] [3] and of the five species of the Sporothrix schenckii complex, S. schenckii sensu stricto and S. brasiliensis have been associated with endemic areas in Brazil [4, 5] . Like many other classic thermo dimorphic fungal pathogens, species of the Sporothrix schenckii complex dimorphism is mainly dependent on the temperature of growth. This means that this fungus can be found growing in its saprobic filamentous form at 25
• C and in its yeast-like pathogenic form at higher temperatures of 37 • C [6] . Many intrinsic characteristics of these fungal pathogens allow them to survive inside the host and among them that we can highlight are their ability to adhere to host cells, secrete extracellular hydrolytic enzymes, undergo morphogenetic switching, and the capacity of these fungi to mount robust stress responses.
Pathogenic fungi, such as Sporothrix spp., are particularly susceptible to sudden fluctuations in their growth environment, and their ability to rapidly sense and respond to these environmental clues is required for their adaptation and survival [7] [8] [9] . During the course of infection, pathogenic fungi are predicted to encounter a range of environmental insults, and there is growing evidence that the ability of their response to various stresses is essential for survival in the host [8] [9] [10] .
Our interest in oxidative stress resistance comes from the fact that reactive oxygen species (ROS) are used by the host's immune system to eliminate an infectious agent by causing irreversible damages to their cellular components and eventually cell death [9, 10] . This seems to be the situation for Sporothrix spp., since S. schenckii sensu stricto phagocytosis by macrophages can trigger the oxidative burst [11] . We know from other studies that human fungal pathogens tend to be more resistant to oxidative stress when compared to plant pathogens [12] ; therefore, we aim to compare the ability of the two species of the Sporothrix schenckii complex mostly found in Brazil, S. schenckii and S. brasiliensis, to survive in the presence to oxidative stress. In addition, we took a bioinformatical approach to propose models of the molecular mechanism by which stress signaling pathways could be regulated in order to counteract oxidative stress on these fungal pathogens.
Material and methods

Phenotypic analysis (spot tests)
S. schenckii (ATCC MYA 4820 and MYA 4821) and S. brasiliensis (ATCC MYA 4823 and MYA 4824) filamentous strains were inoculated into YPD medium (pH7.8) and grown in an orbital shaker at 37
• C and 150 rpm, for 7 days.
Cells were then diluted to a concentration of 10 6 cells/ml in fresh medium and allowed to grow under the same conditions for 5 days. After the 5 days, cells were again diluted to a concentration of 10 6 cells/ml in fresh medium and incubated at 37 • C and 150 rpm for 4-5 hours, until a concentration of at least 2 × 10 7 cells/ml was achieved.
Serial 10-fold dilutions were spotted onto solid media using a 96-well plate replica platter (Sigma Aldrich), containing a range of concentrations of H 2 O 2 and menadione. Plates were then incubated at 37
• C for 7 days and the ability of strains to grow recorded.
Identification of putative orthologues
Putative orthologues were identified as described previously [12] . Briefly, C. albicans primary sequences of antioxidant proteins such as Hog1 (orf19.895) and Cap1 (orf19.1623) were retrieved from the Candida Genome Database (http:// www.candidagenome.org). BlastP was used to find C. albicans putative orthologues in the in-house S. schenckii and S. brasiliensis genome database (http://ligeirinha.lncc.br/ ss-bin/annotation/annotation_login.cgi). The selected S. brasiliensis and S. schenckii putative orthologues displayed at least 50% similarity and 30% identity, when compared to their orthologues in C. albicans.
Protein Extraction and SOD Native gel activity
Protein extracts from the four strains described above were prepared as previously described [13] . SOD in gel activity was performed as described previously [14] , but briefly 15-25 μg of protein extracts were subjected to 10% native-PAGE at 4
• C (25 mA). Following electrophoresis, the gel was washed with distilled water and incubated with Riboflavin-Nitro Blue Tetrazolium solution (Riboflavin 0.1%, Nitro Blue Tetrazolium 0.25%) for 15 min at room temperature, in the dark. The Riboflavin-NBT solution was removed, 0.1% TEMED added, and the gel was placed under light until bands appeared. For the densitometric determination of SOD activity, gels were photographed and images analysed using ImageQuant TL 7.0 software (GE Healthcare). SOD activity was evaluated in arbitrary units corresponding to the area of SOD bands in the images. (Fig. 1) . Although both S. schenckii strains (MYA4820 and MYA4821) behave in a similar manner when spotted on media containing oxidants, strains MYA4823 and MYA4824 were not similar in their ability to grow in plates containing oxidants (Fig. 1) . The isolate MYA4824 is as sensitive as the S. schenckii isolates, MYA4820 and MYA4821. This is interesting since MYA4824 is a S. brasiliensis strain that presents similar phenotypes as other S. schenckii strains, including lower pathogenicity [15] . Hence, in order to investigate the possible reasons for highly virulent S. brasiliensis increased resistance to peroxide stress, we have identified putative genes involved in regulation of oxidative stress responsive pathways. For this purpose, the genome database of S. schenckii and S. brasiliensis was used to identify members of signaling pathways involved in oxidative stress resistance in Sporothrix spp. and to compare the identified pathways, by using bioinformatics tolls, to their respective orthologue genes in other well-studied fungi.
Results
S. brasiliensis
Signaling pathways involved in regulating oxidative stress responses.
In order to survive oxidative stress, fungal cells have to be able to mount a robust response that can stimulate the rapid increase in transcripts encoding antioxidant proteins. Although the molecular mechanisms involved in the oxidative stress response is well documented in the nonpathogenic model yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, and in the fungal pathogens Candida albicans and Aspergillus fumigatus [10, 16] , little is known about this process in Sporothrix spp. Even though a recent study has shown that a Chinese S. schenckii isolate exposed to peroxide stress induces the expression of the antioxidant enzyme catalase, nothing more is known about the signaling pathways that might be regulating oxidative stress responses in isolates of the Sporothrix schenckii complex [17] . Therefore, we have chosen to analyze two wellstudied pathways in fungi that are known to have a key role in regulating oxidative stress responses, in other words, the AP1-like transcription factor signaling pathway and the Hog1 stress activated protein kinase (SAPK) pathway.
AP1-like signaling pathway
AP1-like transcription factors are important, in vitro, for oxidative stress adaptation in both plant pathogens, such as Magnaporthe oryzae [18] and animal pathogens, such as A. fumigatus and C. albicans [19, 20] . However, AP1-like transcription factor mutant strains of A. fumigatus do not seem to display any impaired virulence in studies with immunocompetent [21] and immunosuppressed mice [22] , whereas M. oryzae strains that do not express these types of transcription factors displayed impaired virulence [18] . Therefore, understanding the differences on how AP1-like transcription factors are regulated in different fungal pathogens can shed some light in their role during the infection process.
AP1-like transcription factors in S. schenckii and S. brasiliensis
Bioinformatics analysis has shown that both S. schenckii and S. brasiliensis express a single amino acid sequence that displays high similarity and identity to AP1-like transcription factor sequences from other fungi ( Fig. 2A) . Hence, we have named them SsAP1 (S. schenckii AP1-like transcription factor homologue) and SbAP1 (S. brasiliensis AP1-like transcription factor homologue). When we analyze the amino acid sequences of SsAP1 and SbAP1, we found both the C-terminal cysteine rich domain, c-CRD, which is required for H 2 O 2 -induced activation of AP1 [24, 25] , and the N-terminal cysteine rich domain, n-CRD, which contains the nuclear exporting sequence (NES) important for transport of these type of transcription factors out of the nucleus (23,24; Fig. 2B ). However, we could not find any differences in primary amino acid sequences (SsAP1 and SbAP1) that could explain the differences between the two species regarding their oxidative stress resistances.
Our in silico analysis has also shown that both S. brasiliensis and S. schenckii express a range of antioxidants, such as catalases, superoxide dismutases, glutathione peroxidases, and thioredoxin peroxidases (Table 1), whose expression is regulated by Ap-1 like transcription factors in other fungus. However, we do not find any difference in the amino acid sequences of these putative AP-1 regulated antioxidants. In order to investigate whether this difference in oxidative stress resistance of isolates of the two species could be a result of increased expression of these AP-1 antioxidant targets, we performed a superoxide dismutase (SOD) enzymatic activity study in a native gel. We did not see any increase in SOD enzymatic activity following oxidative stress treatment, which could suggest that there is not an increase in SOD protein levels following oxidative stress treatment (Fig. 3 ).
Positive and negative regulators of SsAP1 and SbAP1
The difference seen when comparing n-CRD regions of different fungi prompted us to ask how SsAP1 and SbAP1 could be regulated in response to oxidative stress. In order to investigate this, we have performed a BLAST analysis, searching for sequence homologues of known regulators of AP1-like transcription factors in other fungi. 2-Cys peroxiredoxins are known positive regulators of AP1-like transcription factors. In the model yeast S. pombe this process is well studied, and the AP1-like transcription factor oxidation and therefore activation is mediated entirely by the 2-Cys peroxiredoxin, Tpx1, in a reaction that requires Tpx1 peroxidase activity [25, 26] . However, as seen in Table 2 , we could not find a homologue for typical 2-Cys peroxiredoxins in both S. schenckii and S. brasiliensis, suggesting that other peroxidases might be regulating SsAP1 and SbAP1. According to our bioinformatics analysis, both Sporothrix spp. have four putative peroxiredoxins in their genome (Table 2) . Therefore, we propose that in response to peroxide stress either a 1-Cys peroxiredoxin or an atypical 2-Cys peroxiredoxin positively regulates SsAP1 and SbAP1.
In other fungi, such as C. albicans and S. cerevisiae, the AP1-like transcription fators, Cap1 and Yap1, are positively regulated by glutathione peroxidases (Gpx) in a mechanism that requires the presence of a Yap binding protein (YBP1) [20, 27, 28] . This information leads to the question of whether SsAP1 and SbAP1 could be positively regulated by glutathione peroxidases. Bioinformatical analysis has shown that both these organisms express a single sequence that displays high similarity and identity to glutathione peroxidase sequences from other fungi (data not shown). Therefore, we can alternatively propose a model in which a glutathione peroxidase can positively regulate the function of the transcription factors SsAP1 and SbAP1. However, we could not find in their genome a YBP1 homologue, indicating that if this is indeed the case, a novel mechanism that is independent of YBP1 is used by this fungal pathogen to positively regulate their AP1-like transcription factor in response to peroxide stress.
Hence, according to our bioinformatics analysis we propose two mechanisms by which SsAP1 and SbAP1 are being regulated in response to oxidative stress (Fig. 3) . In the first scenario SsAP1 and SbAP1 are oxidized by H 2 O 2 , via its glutathione peroxidase (Gpx), in a novel mechanism that does not require YBP1 (Fig. 3) . Alternatively, SsAP1 and SbAP1 are oxidized by an alkyl hydroperoxide, via the atypical 2-Cys peroxidase, AHP1, in a process that is similar to the one seen in S. cerevisiae regulation of Cad1 (Fig. 3) .
We have also used BLAST to analyze whether Sporothrix spp. also possess in their genome homologues for negative regulators of these transcription factors. In the model yeast S. cerevisiae and in the fungal pathogen C. albicans, thioredoxins function to inhibit Yap1 activity [29] [30] . It was demonstrated that the thioredoxin system can regulate Yap1 function directly, by reducing Yap1 disulphide bonds [30] . Furthermore, the cytoplasmatic thioredoxins also function to reduce Gpx3 and therefore can regulate Yap1 function, by both reducing Yap1 and by providing reduced Gpx3, which in turn is required for the peroxideactivation of Yap1 [30] . Although thioredoxin regulation of the analogous transcription factor in S. pombe and C. albicans is less well studied, a similar mechanism is likely to occur, as deletion of trx1 − results in increased transcription of Pap1 regulated genes under nonstressed conditions, and sustained activation of such genes in response to oxidative stress [31, 32] . We have identified five homologues of thioredoxin in S. schenckii and S. brasiliensis. The high number of thioredoxin homologues in these fungi could be related to compartmentalization of function of these proteins, where different thioredoxins will be expressed in different cellular compartments, and shows the importance of having a reductive system that act on oxidizing proteins. However, we cannot identify, just by analyzing their sequences, which thioredoxin isoform could be regulating the activity of SsAP1 and SbAP1. Alternatively, it was recently shown that the thioredoxin system is not the sole negative regulator of Cap1 in the fungal pathogen C. albicans, and it could be proposed that the glutaredoxin system could be the main negative regulator of C. albicans Cap1. We have identified five homologues of glutaredoxin in both S. schenckii and S. brasiliensis. Therefore, we propose a model in which glutaredoxins could also be negatively regulating SsAP1 and SbAP1 (Fig. 3) .
In order be active, Yap1 has to shuttle in and out of the nucleus in a process that is mediated by the exportin Crm1 [33] . As shown in Figure 2 , the n-CRD region, where the nuclear exporting region of the protein is located, of SsAP1 and SbAP1 is highly conserved. Furthermore, a homologue sequence to the CRM1 exportin protein is found in both S. schenckii and S. brasiliensis. Hence, we can propose that similar to what is seen in other fungi, CRM1 is used to transport SsAP1 and SbAP1 in and out of the nucleus. In summary, we have proposed a model for SsAP1 and SbAP1 activation in response to peroxide stress (Fig. 3) . In our model, in response to peroxide stress these transcription factors are rapidly oxidized, directly via Gpx or Ahp, and translocated to the nucleus. Once peroxide levels have decreased, thioredoxins or glutaredoxins can then reduce these transcription factors, which are then transported from the nucleus to the cytoplasm via the exportin Crm1 (Fig. 3) .
Stress Activated signaling pathway (SAPKs)
Stress activated protein kinase (SAPK) pathways are members of the MAPK family of proteins and are key players in the adaptation and response of eukaryotic cells to environmental stress. These pathways contain a MAPK that is activated by phosphorylation by a cascade of kinases; an activated MAPK kinase kinase (MAPKKK) activates a MAPK kinase (MAPKK) by phosphorylation of its N-terminal Ser and Thr residues, which then goes on to activate the MAPK by phosphorylation of conserved Tyr and Thr residues that are located in its kinase domain. Once activated, the MAPK phosphorylates specific serine or threonine residues of its target proteins, which include transcription factors, cell cycle regulators, and other kinases that can then trigger appropriate cellular responses [15] .
SAPKs in S. schenckii and S. brasiliensis
According to our bioinformatic analysis, both S. schenckii and S. brasiliensis express a single amino acid sequence that display high similarity and identity to p38 SAPK sequences from other fungi (Fig. 4) . Hence, we have named them SsHog1 (S. schenckii) and SbHog1 (S. brasiliensis). schenckii.In our model, when there is an increase in H 2 O 2 levels, Glutathione Peroxidases (Gpxs) can act as a peroxidases reducing H 2 O 2 to water and could concurrently mediate SbAP1/ScAP1 oxidation, enabling the translocation of these transcription factors to the nuclei in order to activate the transcription of antioxidant genes. Once levels of peroxide decreases, thioredoxin/glutaredoxin are in a more reduced state and can therefore mediate the reduction of SbAP1/ScAP1, allowing it to be translocated back to the cytoplasm in a process mediated by the exportin Crm1.
Both SsHog1 and SbHog1 amino acid sequences have the TGY motif characteristic of MAPKs, as well as other phosphorylation domains characteristic of MAPKs (Fig. 4) . Differently from what we have seen for AP1-like transcription factors, we observed some differences between SsHog1 and SbHog1, such as the lack of 14 conserved amino acids and a conserved cysteine residue, within the N-terminal region of SbHog1 (Fig. 5) . Whether, the differences in sequence seen between the two species could change the activity of this protein in response to peroxide stress remains to be tested.
Regulation of SsSAPK and SbSAPK
SAPK pathways are conserved between different fungal species [15] ; however, despite the conservation of MAPK pathways in eukaryotes, the inputs and outputs of these pathways can differ. This could be expected since different organisms are exposed to, and therefore need to adapt to different microenvironments. For example, the H 2 O 2 levels required for activation the SAPK Hog1 in the fungal pathogen C. albicans Hog1 are higher than the levels required for activation of the SAPK Sty1 in the model yeast S. pombe [34] .
This observation is well represented in the sequence analysis of both species of Sporothrix analyzed, since Hog1 itself is the member of the signaling pathways that display the highest percentage of sequence similarity when compared to Hog1 in both S. cerevisiae and C. albicans (Figs 5, 6 ). On the contrary, the histidine kinases responsible for triggering the signal to Hog1 display the lowest similarity percentage. Furthermore, we found in both Sporothrix species three additional histidine kinase-like sequences, when compared to S. cerevisiae and C. albicans. This could be an indication that although the downstream events regulating the Hog1 signaling pathways, the upstream events regulating this pathway might differ considerably (Fig. 6 ).
Discussion
Understanding how fungal pathogens can sense and respond to different environmental conditions can aid the understanding of how these fungal pathogens can survive inside the insipid environment of the host. Cells of the host immune system, such as macrophages and neutrophils, can generate an oxidative burst, following phagocytosis of fungal pathogens [9, 10] . Therefore, the ability of human fungal pathogens to survive the ROS generated by the immune system of the host is essential for virulence [9, 10] .
In this study we have compared the ability of S. schenckii and S. brasiliensis to survive against oxidative stress and propose models that might explain the differences seen in S. brasiliensis resistance to peroxide stress when compared to S. schenckii. We have shown that S. brasiliensis is more resistant to peroxide stress than S. schenckii, which could be expected since S. brasiliensis is normally associated with the zoonotic outbreak seen in Brazil and is thought to be adapted in felines before infecting the human host. Interestingly, a previous study that showed that plant pathogens are less resistant to peroxide stress than human fungal pathogens [12] supports the idea that the species of the Sporothrix schenckii complex will display different adaptation strategies, depending on its infection route. This can impact the virulence of both species, where S. brasiliensis is known to be a stronger pathogen compared with S. schenckii [14] , and this last species is always related to the infection caused by traumatic inoculation from contaminated vegetal debris and soil.
Although there is a disparity in oxidative stress sensitivities when comparing these two fungal pathogens, we did not find any differences in the sequences of SbAP1 and SsAP1, which could indicate that this transcription factors are not differentially regulated in Sporothrix spp. However, we found that the molecular mechanism by which SbAP1 and SsAP1 are regulated probably differs from the one seen in the model yeast S. pombe or the fungal pathogen C. albicans, since it does not have in its genome a 2-Cys peroxiredoxin ortholog or an YBP1 protein. Furthermore, it is interesting to note that similarly to what is seen in S. schenckii and S. brasiliensis, fungal plant pathogens such as M. oryzae, Ophiostoma piceae, and Grosmannia clavigera also do not express a typical 2-Cys Prx, indicating that these organisms have developed alternative mechanisms to regulate AP1-like transcription factors activity.
On the other hand, there were two prominent differences in the N-terminal region of the amino acid sequence of the SAPK Hog1. The mutations, both a deletion of 14 amino acids and a Cys-Ser point mutation, have to be further investigated in order to analyze whether this would have an effect in the role of Hog1 in the oxidative stress response of S. brasiliensis.
Although there is a lot of work concerning Hog1 and AP-1 regulation in the thermodimorphic fungi C. albicans, little is known about the role of these pathways in regulating oxidative stress responses in other mycosis important in Latin America, such as Paracoccidioidomycosis. Therefore, until we have the ability to delete genes in species of the Sporothrix scheckii complex, we aim to express the putative SbHog1 and SsHog1 in the model fungi C. albicans, since C. albicans Hog1 is responsive to oxidative stress [35] . In summary, this first study on stress responses in the Sporothrix species shed some light into how these pathways might be regulating oxidative stress responses, not only in these emerging pathogens but also in other thermo dimorphic fungi.
